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Abstract

This report describes a charge-
sensitive amplifier using an N-channel FET
input stage. Details of the circuit con-
figuration are discussed; and performance
data with respect to noise, stability, gain
variations, dynamic range, and output load-

ing are presented.
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1.0 INTRODUCTION

4

In February, 1964, J. H. Marshall completed work at the
Jet Propulsion Laboratory (JPL) on an amplifier to be used
in solid-state detector applications. This circuit, which is

thoroughly described in the appendix, is the basis for the
design presented in this report. '

The principal reasons for modification of the original
design were to improve noise performance and extend dynamic
range. Since the original circuit (see Figure 3 of the appen-
dix) used P-channel FET's at the input, it became necessary to
design a conjugate circuit in order to accommodate the new
low-noise N-channel FET's recently available. 1In addition,
the output circuit required modification to provide at least
10 MeV of dynamic range at a scale factor of 1 V/MeV.

Owing to the completeness with which this generic desigﬁ
is analyzed in the appendix, this report will rely extensively
on fundamental material from the appendix. Data, in the form
of new design and peéformance features, will be presented in
Part 2.0 (Circuit Description). Part 3.0 will present labora-

tory performance data, and where pertinent, will compare these
data to theoretical performance.

2.0 CIRCUIT DESCRIPTION

Accuracy in charge measurements is enhanced by making the
measurement independent of such parameters as source capaci-

tance, amplifier input capacitance, and stray wiring capacitance.

This basic goal is accomplished by the use of the operational

amplifier configuration and is described in further detail in
Reference 2.0-1.

2.0-1 ATC Staff, "An Experimenter's Handbook for Space Instru-

ment Design,'" June 15, 196§, pp 78 - 85.
1.0-1
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The amplifier described here is a high gain, broadband
device with closed-loop gain and pulse shape determined by
elements located in the external feedback loop. This is
shown schematically in Figure 2.0-1. Initial charge inte-
gration is performed by capacitor Cfl,and first-order gain
and pulse shaping is produced by the two equal rise and de-
cay time constants, fz sz and Rf3 Cf3' For the case of an
internal amplifier having an infinite feedback factor and

infinite bandwidth, the impulse response of this network may
be expressed as follows

\Y Qn(Re, + Ry t -
out _ D'f2 f3 ( ) e t/t (2.0-1)
E Cfl Rf3 T
-17 . ‘q s
where QD = 4.57 x 10 C/KeV (for Silicon)
Q, = 5.51x 10”17 C/KeV (for Germanium)
© = Shaping time constant = RfZCfZ = RfSCf3
E = Particle energy loss

Two improvements have been made in the basic circuit,

which lead to reduced input noise. One improvement is the

ability to use newly available N-channel field effect transis-

tors (FET's) at the input. A second feature is the direct

coupling of the solid state detector, which permits the noise-

producing bias resistor to be bypassed to ground. The pulse

shaping time constant used in this study was arbitrarily chosen

to be 1 us as a possible optimization for detector current noise

and amplifier voltage noise. This parameter will necessitate

2.0-1
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additional high frequency feedback factor in order to produce
the thermal gain stability obtained for the 2- us time constant
used in the circuit of the appendix.

The first stage of this four-stage direct-coupled ampli-
fier is the N-channel FET, 2N4417, whichis specified by the
manufacturer to produce an equivalent input voltage noise of
3 nV/vHz at In = 1 mA. This transistor is followed by a high-
gain PNP stage (2N3799). The third and last stage of voltage
amplification is one half of a 2N4044‘whose output is connected
to a complementary emitter follower appropriately biased by the
dc collector current of the third stage. This dual output stage

is made up of an NPN transistor, (the other half ofAthe.2N4044),

and its PNP complement, the 2N3307. Use of the complementary
circuit permits the output stage to idle at low currents and

yet drive large output loads without customary loading effects
of emitter bias resistors. Use of an 18-V collector supply pro-
vides an unloaded dynamic range in excess of 15 V and a response
to a load of 300 pF in excess of 10 V. Large signal linearity
1s enhanced through the bootstrapping of Q3a load resistor to

the output emitter follower. Closed loop bias levels are listed
in Table 2.0-1.

Principal shaping of high fréquency feedback factor is
accomplished by the following networks: R , C R . C R

,cd “cd’? ¢S5 Tc5’ c3
and the associated detector capacitance, CD. The output network
comprised of RC2 and CC2 of Figure 3 of the appendix could not
be used because of rate-limiting effects under conditions of

200-pF output loading and large pulse levels.

2.0-3
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Location Voltage
+18.00 V +18 V +17.95 V
‘Before +6.00 +6 +5.98
Filter -12.00 -12 -11.98
-6.00 -6 -5.98
Q1-D +5.35
Qz-C -5.29
Q3b-B -1.33
Q4-B -2.60
Q4-E -1.96
Q3b-C +17.87
Q4-C -5.91

Table 2.0-1

Amplifier Bias Values (+25°C)

2.0-4

After
Filter




The following is a brief summary of features and advantages
of this circuit:

) 1) The amplifier and detector circuits are direct .

L coupled thereby eliminating secondary overshoots,

W

e 2) Direct coupling of the detector eliminates bias

i resistor noise.

gj 3) Transistors are protected where required against

i‘ danaglngly large reverse emitter base voltages by
{_ ' use of protection diodes.

&3 ' 4) The load resistance of Q3a, the third stage voltage

amplifier, 1s bootstrapped to the aatput emitter-
p ‘ follower thereby extending the linear operating
range of the amplifier.

5) The collector circuits of the complementary output
stage are capacitively decoupled to the local chassis
ground thereby decoupling transient pulse loads from
the power supply and other associated circuitry. All
power lines are decoupled with RF filters.

6) The amplifier is partitioned into two compartments
providing requisite electrostatic shielding between
the output and input of the amplifier.

b ‘ 2.0-5




. 3.0 PERFORMANCE

- This section describes results of tests on the following
performance parameters: scale factor; stability against
y- oscillation; gain stability as functions of temperature,

L power supply voltage and capacitive loading; and noise.

3.1 Scale Factor

For the case of infinite feedback factor, F, and equal

. decay and rise time constants, 1, the peak amplitude may be
v y P P y

expressed as follows:
r

Q Rez * Res
» Vpeak = D —_— (3.1-1)
eCf1 Res

where T << 1y
2
L o

(tg1 = Rpy Cgy)
{ :
) e = 2.72 = base of natural logarithms
= 4,57 x 10~ e or silicon detectors
b 4.57 x 1071 c/Mev (£ 1 d )

In the breadboard version of Figure 2.0-1, Cfl consists of
a stable 4.7 pF capacitance plus a distributed capacitance
of approximately 1 pF measured across the 4.53 Meg parallel

e T cu B e T

(A

3.0-1
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résistor (Rfl)’ Taking into consideration the finite value
of T and its associated effects, the nominal peak voltage
may be rewritten as follows:

QpK T Chy (I‘Tél) 1 7]
Vv = 1+ + + e ~ -  (3.1-2)
peak eC T KC K 1
£1 £1 £2 £1
where
R.. + R
K = _££__“_£§) = 330
Res
Tfl = 25.8 us
1t = 1 us
and Vpeak = ,975 [.947] = .92 V/MeV.

The experimentally measured scale factor was .875 V/MeV.

3.2 Stabilization Againét Oscillation

As mentioned in the appendix, low gain drift (requiring
large feedback factor) and a large margin of safety against
oscillation are competing requirements, which require accurate
prediction of oscillatory conditions in order that the design
may be optimized. The problem of preserving gain stability and
oscillation margins is increased further as the pulse shaping
time constant, v, is decreased because there is a greater de-
pendence on high-frequency feedback factor.

3.2-1
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A second constraint introduced by the smaller pulse-
shaping time constant and the increased dynamic range require-
ment, 1s that capacitive networks such as R.y C., in figure
3.2-1 should not be placed at the output or on the bootstrapped
driver for adjustment of high-frequency feedback factor. This
requirement is due to the necessity of driving load capaci-
tances up to 200 pF without rate limiting occurring in the col-
lector circuit of Q3a. The capacitive loadihg factor leaves
little room for capacitive network adjustments at the output.
The network comprising CC6 and Rcé would similarly add to rate
limit problems and was consequently not used.

The networks consisting of R

C and R are
c

cs Ces 3 and Cp
suitable for such adjustments. The shunt connected network

CCl and RCl is suitable for compensation so long as the capaci-
tive reactance, XC >> RLl’ where RLl is the first-stage drain
driving point resig%ance, and the frequencies of interest are
within the effective pass band of the closed-loop amplifier.

For Xc << Ryqs the second-stage voltage noise (sece figure
cl
3.2-2a) reflected to the input becomes

e
- n2 -
enl(f[enz,Ccll) = X—-C—-———g—l— . (3.2 1)
c1 ™

Miller-type compensation (figure 3.2-2b) produces an equiva-
lent input noise, '

e 1(fle 5,C 1) = o . (3.2-2)

3.2-2
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The value of CC4 producing a similar roll-off to that pro-
duced by CCl is approximately equal to Ccl/sz, where AVZ is
the second-stage voltage gain. Therefore

e
- n2
enl(f[enZ’ CC4]) = : . . (3.2-3)

g
ml “v2 CCl

For situations requiring compensation at the FET drain, the
Miller-connected capacitor consequently provides best rejec-
tion to second-stage voltage noise. This connection requires
that the capacitor have a sufficiently large value to be
practical (CC4 2 1 pF). The second-stage noise rejection re-
quirement is very similar to that of the over-all charge-
sensitive amplifier. The preferability of the Miller con-
nection as described here is, likewise, an argument, from a
voltage noise standpoint, for the basic over-all configura-

tion used here for charge-sensitive amplification.

Since primary goals of this study were to reduce noise

and increase dynamic range, only rudimentary stabilization was

o B s B ol

™ oM™ o

e T e

performed to permit timely evaluation of these parameters. From
this standpoint the feedback factor vs. frequency characteristic
is far from optimﬁm and is subject to considerable improvement.
The following feedback factor data represent one such conserva-
tive amplifier stabilization at a detector capacitance of 100 pF.

The stabilization parameters for this illustration are

C

<4 20 pF

R 510 @

cd

. Rc3__ 20032

3.2-5 ,
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The feedback factor may be written as follows:

(1+prf1)(1+pr)2(1-prj)(lfprL)(1+prc3)(l+prC4)

F =
° (1+p7,) (1+p1g) (1+prc) (1+prp) (1+4prg) (1+prp) (1+peg)
(3.2-4)
(1+pTH) (1+pTI) (1+er) (1+p1c7) (l+p‘rM)
where
p = LlLaplace opérator
and FO = DC feedback factor

The parameters of equation 3.2-4 have been calculated with the
assistance of equations appearing on'pages 14 to 17 of the
appendix. The pertinent transistor parameters are listed in
Table 3.2—i, and the calculated gain and time constants are

shown in Table 3.2-2. As a result of certain differences be-
tween the circuit described in this report and that of Appendix A,

the following new or modified relationships have been used:

T, 2 x 10° s .
) My, = 22 = = 4x10 (3.2-5)
T 50 :

This modification occurs as a result of the bootstrapped
load resistance being much larger than the transistor
output resistance.

. &

3.2-6
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2N4417 2N3799 2N4044 2N3307
Vego ©OF Vpgo Max. 30V | 60V 60 V 35 V
hFE @ 25°C, 1 mA: —_— 300/900 225/675 40/250

min/max
g, ¢ 1 mA 2240 uymhos| —— —_— —_—
Cob’ PF 1 4 0.8 1
Cip» PF 3.5 8 1 L
Ce.c» PF E— 0.8 —
f. € 1 mA, He — 100x10° | 200x10% | ——
f. € .5 mA, Hz - sox10® | —
fT e Z.mA, Hz (min/max) —_— —_ —_ 300/1200x10
Noise, nV//Hz | 3 L L L
Table 3.2-1

Transistor Parameters

(Note: Vacant spaces represent non-applicable or unavailable
data)

3.2-7
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Table 3.2-2

Feedback Factor Time Constants

CD = 100 pF, CC4 = 20 pF
ITEM = 200 pF CL =0
F, x 107 1.28 1.28
Tpr HS 565 565
Tgs uS 322 322
Tcs DS 278 278
Tps NS 4.45 4.45
Tg» DS 624 520
Tps DS 50 3
TG 1S 10% 10*
Ty» DS 10%* 10%*
Ty, NS 1.54 1.54
Ty, DS 0.2 0.2
Tgs US 317 317
Ty» Ds 10 —_—
T, uS 1 1
Teps MS 23 23
T.3» NS 20 - 20
Teq» DS 10 10
To7s DS 1 1
Ty» DS 0.6 —
(*estimated) .
.2-8
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2) Te
where
'l'3‘

T, YT

.13

(3.2-6)
My1 Cea 1

(Cg*Cp) (rp*13)

1 +

Rppl71(Cea*Copa*Ceg*Coa) * 1My (Copa*Cey))

TZ+13

(3.2-7)

Ty * Rpp My (Copa*Clyg) + €,51(3.2-8)

3) Calculation of gy Tpr L M

.

(1 + pry)

~

o¢c

where

3 ‘ T \
2 _oe3l b
K% (CL+Cf2)(Rs+re4)Ts+p[Ts+(cL+cf2)(Rs*re4+ 84 )ﬂ]11+pTM)

\“—‘\/"‘""_/

(3.2-9)
(See Figure 3.2-3)

C;R

L™s

roe3C03

Cobsa ¥ CobiB * Cobs * distributed excess
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Equation 3.2-9 may be factored into the form

1l + pr
r L

4
o'
. oel
13
where

2A
T T —
. B ¥/BZ-4AC

where
A= (G + Cepd (R + 1) g
Bom ag v G+ Cep) Ry +ry #
For the case of CL = 0;
TE = Ts
TE 2 TeaCe
Te7 T ReaCob

(1+prg) (1+pry) (1+pe

(3.2-10)

Toes/By)

A Bode plot of feedback factor using the data from Table

3.2-2 is shown in Figure 3.2-4 and indicates a no-1load gain

c¢rossover at 160 ns.

to obtain better‘pulse peak stability,.

should be in 1

T~y T and 1 .
B C Ces3 Cea

3.2-11

This response can be broadened as desired
Principal adjustments
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3.3 Gain

This subsection discusses such parameters as 11near1ty,
dynamic range, loading performance, susceptibility to supply-
voltage variations, and thermal performance. The time allotted
to the design and evaluation of this amplifier has not permitted
analytical optimization of the amplifier roll-off character-
istic for minimum thermally-induced gain variations. Data is
presented, however, for the thermal performance of the ampli-
fier shaping characteristic as described in subsection 3.2,
and also under conditions of empirical adjustments.

3.3.1 Linearity, Dynamic Range, and Loading

General linearity, noise, and thermal tests were
performed with the setup shown in Figure 3 3-1. Use of a cali-
brated capacitive load box and repetitive 1nput levels for respec-
tive loads produced the characteristics listed in Table 3.3-1.
Differential linearities for output loadings up to 200 pF and
over a 10-V dynamic range were less than 1%, the exact measure-
ments being limited in accuracy by the nonlinearities in the
test equipment. Capacitive loading produces gain variations of
approximately .15%/100 pF for pulses up to 10 volts and load
capacitance up to 300 pF. For a load capac1tance of 400 pF,
serious rate limiting occurs above 5 volts.

To evaluate the margln of dynamic range available
beyond the 10-v design requirement, a 15-V thermal test was
performed with 100-pF loading (see Table 3.3-2) producing lin-

earity results at 15 volts comparable to those observed at
10 volts. '

3.3-1
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Peak Amplitude, V

[= 7 PF C, = 107 pF C, = 207 pF C, = 307 pF| C; = 407 pF
9.960 9.980 10.014 10.021 10.094
7.472 7.485 7.498 7.513 7.539
4,972 4.987 4.983 5.003 5.002
2.482 2.489 2.504 2.510 2.505

Table 3,3-1

Linearity Vs. Load Capacitance

(C = 20 pF; RC = 510 @; C, = 100 pF)

cd 4 D

+85°C +50°C 0°C -25°C

15.14 15.08 | 15,19} 15.22
12.62 12.58 [ 12.64 | 12.68
10.09 10.06 | 10.13} 10.13

Table 3.3-2
Dynamic Range Test

(C.q = 20 @F; R, = 510 @5 C; = 100 pF; Cy = 100 pF)

L D

3.3-3
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3.3.2 Thermal Performance

To calculate effectslof finite and complex values
of feedback factor (F) on pulse amplitude, Marshall approxi-
mates F using time constants of the same order as the shaping
time constants (Appendix, p 20). The resultant pulse peak
value (independent of T£1 effects) is then approximately

Q. \/R_.+R j. 1 1 41
Vooax = |2 ‘ £2 83} /1T 11eB [ ZENY (30319
P eCe) R L 2F; 31 T

l £3
R..+R R C '
L - R ( £1 D)( £3 ) ( £1 \. (3.3-2)
R Reg| {Cp+C }

p | \Re2 ACp

where

o3}
|

The last term represents the correction to the closed-1loop

gain caused by finite feedback factor and bandwidth. This cor-
rection depends on transistor parameters and is highly tempera-
ture sensitive. Taking into account effects of finite 1
peak amplitude, equation (3.3-1) may be rewritten

v QW \[Rea*Res L+ E +E
peak * . eC \ R : 1 2

f1 on

f1 £f3

where E, = transistor parameter dependent gain variation

-1.066 _ 4.22 <
= — |1+ 8 {0,063 E
ZFl 3t 1

E, = e?fects of Tgp On external pulse-shaping (see
equation 3.1-2)

--053 3.3-4



.- " - Using the amplifier shaping parameters of subsection 3.2 which
i are as follows: '
|
. 7
| F, = 10
L
L 3
Fl = 10
. Tt = 1 us
m
t. g = 322 us

=

1y = 520 ns

¢

The gain correction factor E; is calculated to be +.07. This

‘ represents a peaking effect, which is most sensitive to ther-
mally induced gain changes. The term E, is calculated using
values of precision components and represents a small thermally
sensitive error (<0.1%/100°C). '

Results of thermal gain stability tests for Cj = 100 pF
are shown in figure 3.3-2. Similar data, though not plotted,
have been taken for simulated detector capacitances of 35 pF
and 300 pF. Gain stabilities of better than $0.25% were attain-

able between #50°C with experimental adjustment. Adjustment of

~

TR and Tc to smaller values consistent with loop stability require-
ments should reduce these gain variations. '

3.3.3 Supply Voltage Variations

Susceptibility of gain to supply voltage variations
is shown in Table 3.3-3. Two significant variations occur and

i:‘l' | 3.3-5
L o
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+18 V -6 V

+20]9.660 [+8]9.690 | -8]9.680 | -14[9.68

+18]9.681 | +69.680 | -6[9.680 | -12{9.680
+1619.725 | +4(9.680 | -4{9.680 | -10[9.725

Gain Vs, Supply'Voltage

" Table 3.3-3

3.3-7




3 pm—

)

T ™

&)

Y 3 M3

g

Y ™

are as follows:

1) +0.45%/-11% (-18 V)
2) +0.45%/-17% (-12 V)

All other variations are less than 0.2% for the intervals

measured. If it becomes desirable to tolerate supply varia-
tions as large as the experimental values, further optimiza-
tion of transistor operating pcints should be made. This is

a relatively simple matter.

3.4 Noise Perfdrmance

This subsection compares theoretical and measured values
of noise for this charge-sensitive amplifier configuration.
Also listed are noise levels as functions of detector capaci-

tance.

3.4.1 Theoretical Levels

For the general case of charge-sensitive amplifiers,

the effective amplifier noise, normalized to KeV, rms is given

by
1 ® xm-Z gx
EZ = — {17 -
N 27 Q2 hy? N A (1+X2)P*m
2 - o x2m—1 ax
+ Y eN lN (cf * CS) (1+X2)n m
0
o7 (Cp + C)2 [' x2M gx .l
. N (3.2-17)
. A (1+x2)*m |

(See ref. 3.4-1)
3.4-1 J. H. Marshall, "Pulse Shaping in Pulse-Height Analyzer
Systems,' ATC Internal Report No. 2, July 1966, p. 67.
3.4-1




3

e —
2

..

vvv-“’

3 £

re=
r

| gt N ot TR e B antarte NN samay.|

i

t...

17

where Q = 4.57 x 10" C/KeV

and hM is the maximum value of

1 szl elt' 4z
h(t') = h(t/x) = 203 jf: (1+Z)n+m
C
and m = number of differentiators = 1
n = number of integrators = 1
Yy = 0 (for FET input stages)

(3.4-2)

The pertinent noise voltage and current are ex-

pressed as follows:

-

2.8 KT
e = —_————
N2 £
&m
5 4KT
iy = Zq(Ig + ILD) + .
f1

Consider the amplifier alone where

ILD = Detector Leakage Current = 0
_ -3 -
8, = 2.24 x10 (2N4417 e Ip = 1 mA)
-10
I '= 10 A..
g

3.4-2

(3.4-3)

(3.4-4)
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Under these conditions

= -9
-\/eN2 2.24 x 10°° V/V/Hz

N

Insertion of all pertinent values into equation (3.4-1) yields

6 x 10°1% A//AZ

ENZ = 5.04 KeV, tms (v = 1 us, Cy = 100 pF)

Under the specified conditions, the optimum time constant for
ILb = 0 is calculated to be 3.94 ys with an associated noise

ENzopt = 3,47 KeV, rms

Since voltage noise production as a function of input noise
current varies as rk, finite values of detector leakage cur-
rents will have lower optimum time constants than 3.94 us, the
actual optimum value being a compromise between the detector

and amplifier requirements.

3.4.2 Noise Measurements

Several 2N4417 N-channel FET's were sampled for
noise performance by insertion into the Ql pesition in the
breadboard. All units displayed noise characteristics within
2% of each other at 1 mA drain current. One such unit was
used to perform a noise vs. detector capacitance test, the
results of which are shown in figure 3.4-1. The 100-pF noise
level was measured to be 8.2 KeV, rms, compared with the the-

oretical value of 5.04 KeV. The measured value is representa-

~tive of

eyl = 3.64 x 10°° v/ Rz

neglecting effects of current noise.

3.4-3
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3.4.3 Improvement of Noise Performance

Two basic adjustments may be performed to the
input stage to improve noise performance. These are
1) Increasing g by increasing ID.
2) Increasing g by paralleling FET's.

The drain current characteristic for .a FET may be

.proximated as follows:

Vgs ’
I = Ipss :7- 1 (3.4-5)
P
where Ings = drain saturation current
VGS = gate-to-source voltage
VP = pinch-off voltage

The transconductance is therefore
g, = —2 = —flpss ! (3.4-6)

Since voltage noise varies as gm-é, it must similarly vary as

1

ID'i. As a result, high values of I oo together with high
basic values of g, are two necessary parameters of low-noise
FET's. The 2N4417 has a spread in specified values of IDSS

of 5 to 15 mA. (One unit used in several noise tests had an

3.4-5
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Inss = 7.5 mA. The theoretical improvement in noise voltage

1
4

at 7.5 mA over that obtained at 1 mA is 8% = 1.65. The mea-

sured aggregate improvement was 1.27.

Paralleling n identical transistors that share load
current equally, on the other hand, increases gn n-fold. If
the net load current is increased n times, so that each FET
carries the same initial current as the single stage of the
previous example, the voltage noise component is decrecased by
n%. Therefore, increased operating currents and use of par-
alleled input stages will notably enhance noise performance

beyond those levels described in this report.

A manufacturer's sample of a new experimental low-
noise FET (FN641) became available during the preparation of
this report. While only one sample was available, and repro-
duction parameters from one unit to the next could not be veri- -

fied, the following data is of interest:

IDSS > 40 mA

3

15 x 10 ° mho @ 40 mA

w

&m

Amplifier noise 7 KeV, rms € 1 mA

No data available (very hot at 20 mA and
6 V).

Py

3.4-6
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Units such as this produce short-term values of
Iygg far in excess of its average power handling capability.
While not yet thoroughly tested, transistors such as this
promise even better solutions to the perennial problem of

low-noise amplification.

4.0 SUMMARY

Some noteworthy differences between the amplifier described
in this report and its conjugate predecessor (described in the
appendix) are as follows:

1) Dynamic range has been increased.

2) The amplifier is configured to accept low-noise
N-channel FET's at the input compared to P-channel
units for the design in the appendix.

Pulse amplitudes of 10 V at cable loadings of 300 pF, and
amplitudes of 15 V at loadings of 100 pF may be stably handled
with this amplifier. Noise performance is improved approxi-
mately 40% over that obtained with its conjugate counterpart
at the same operating point. The 2N4417 FET's used in these
evaluations displayed uniforﬁly lower noise characteristics from
unit to unit than the P-channel units (specially selected in
1964) to which they were compared. It appears feasible that
still new reductions in amplifier noise may be accomplished
through the use of optimization techniques described in 3.4.3.

4.0-1




r:‘:—

gl

™

D B G

0 2t BN quines BY o, BN o Y cnmey TN cunes

(A

Appendix

An Amplifier and Discriminator
for use with
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in
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I. INTRODUCTION

Because of their small size, rugged constructiocn, and
negligible power consumption, solid state detectors for ionizing
particles have been proposed for several coming interplanetary ex-
periments. For example, the Mariner C Cosmic-Ray Telescope will
use such detectors to measure part of the energy spectrum of inter-
planetary ccsmic-ray protons and zlpha particles. £Also using
solid state detectors, the Surveyor Alpha Scattering Experiment
measures the energy of back-scattered alpha particles frcm the lunar
surface in order to determine its composition. A similar scheme has
been proposed(l) for a measurement of the composition of the Martian

atmosphere.

The general usefulness of these detectors motivated the
development of the amplifier and discriminator described below; which
are intended to be part of an instrumentation system applicable to
many space experiments. Several similar circuits already exist but
were built using a design approach which differs fundamentally from
the one used here., After these differences are outlined, the amp-
Jifier and discriminator will be described in detail, Future reports
will contain additions to this instrumentation system as they are

developed.

(1) E. Franzgrote and J. H. Marshall,
"Analysis of Bhe Martian Atrmosphere by Alpha Particle
Bombardment - The Rutherford Experiment", JPL Inter -
of fice Technical Memorandum, November 1963.
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IT.  DESIGN APPRCACH

Past designs of amplifiers and discriminators often

resulted in gains, thresholds, and pulse shapes depending strongly

on semiconductor paramsters. The circuits were almost entirely
empiically produced, because the wide variations in these parameters
made accurate theoretical predictions most difficult. Since an optimum
design could result only by rather improbable accident, power was
wasted, and many components were present which added only to the number
of parts which might fail, Furthermore, sensistors or other temper-
ature variable elements were used to compensate for thermally-induced
semiconductor changes. This compensation, which could only be achieved
by time-consuming selection of sensistors and semiconductors, resuited
in poor reproducibility of circuit performance and was effective cnly
over a very limited temperature range, Sometimes sufficiently stable
operation could only be achieved by matching the drifts of one circuit
to drifts of the opposite sign in a subsequent circuit. This érrange-
ment limited the versatility of the design because circuits of the

same function ceased to be interchangeable.

Virtually no provision was rade for non-therrally induced
semiconductor variations. The temperature compensating schemes were
particularly questionable in this regard because they required that
second order effects, such as transistor temperature coefficients, remain
stable over long periods of time. The neglect of aging in circuits which
had to operate several years without repair or adjustments dangerously

compromised reliability.

Finally, even with temperature compensation, experiments re-
quiring total gain and threshold stabilitjes better than about 5% had
to rely heavily on calibration data, providing another avenue for

possible failure.

In that reliability, which obviously includes drifts not ex-
ceeding tolerance, is a prime consideration in the design of the amp-
lifier and discriminator described below, large amounts of feedback
are used so that the transistor dependent parts of gainé and thresholds
are of the same order as the tolerable drifts (typically 1%). Then
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éven large semiconductor variations perturb the gain and threshold
by a tolerable amount. In addition, theoreticzl analysis is used to
opiimize the design, resulting in each circuit ccntéining'inhérent
stability and reliability but not using excessive weight and power.
As in any carefully executed scientific approcach, theoretical pre-
dictions are checked experimentally, and an effort is made to under-
stand any discrepancies present. Only when there is approximate
agreement between theory and experiment can confidence be gained
that a particular circuit measurement is not a special case diffi-

cult to reproduce.

Because temperatures are difficult to predict and control
in space, the operating temperature range for these circuits is made
as large as practical, and extends from +50°C to -50°C. The upper
limit results from the intolerable noise and reduced reliability of
solid state detectors operating over +50°C, while the lower limit

is given by the rapid decrease of transistor current gains below -50°.

Because the variations of transistor parameters over a 100°C
temperature range exceed all but the most unlikely variations caused

by the aging of premium transistors during several years, stable

&)

peration during such a temperature change implies stable operation
during the life of an experiment, For example, transistor current
gains at —SC°C are less than half their value at +50°C, while the
probability of a factor of 2 decrease in gain frcm aging is of the

same order as total catastrophic failure, which hopefully is negligibly
small, Obviously, if elaborate temperature compensation were provided,
then the non-thermally induced drifts would be considerably greater
than the thermal drifts, and this method for estimating the effect of

2ging would no longer be valid.

Finally, because these circuits are sufficiently stable for

most conceivable environmental conditions, czlibration may be used only

2s an additional hedge against the unexpected, rather than as an essential

part of the operation of an experiment.
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III. AMPLIFIER

3.1 General Theory of Ovperation

A simplified schematic diagram of the amplifier is shown in Figure 1,
where a capacitive current source represents the solid-state detector,
for which bulk resistance and leakage have been neglected. Although
about 20 ns are required for most of the detector charge to be collected,
the detector response is approximated by a delta-function, because

the collection time is short compared to the amplifier response time,

The charge QD produced by the detector is proportional to the
energy loss E of a charged particle passing into the detector depletion

layer and is given by:

mlt’d

Qy=4q (1)

o

]

charge on the electron = 1.6 x 1071%
hole-electrom
energy loss per o pair = 3.5 eV s So(:CorJ

where: q

E
°

i

hole - electran
The energy loss perjiemr pair is predicted by one detector manufacturer *

to be stable to about + 1% from -50°C to +50°C. So long as the
particles stop within the depletion layer, the detector charge output
should also be stable to about + 1% and independent of destector bias
vocltage., Because the dstector capacity CD depends on the bias voltage,
which may not be particularly stable, the amplifier is designed to

have an effective input capacity much larger than the detector capacity.
Then most of the detector charge is deposited on the feedback capacitor
Cfl.ﬁnd the output voltage becomes nearly independent of the detector
capacity and transistor parameters, making this circuit truly a charge

sensitive amplifier,
h Y

¥ Solid State Radiations, Inc., Los Angeles, California
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In order to avoid the welght, power and drifts involved in the usual
method of using two amplifiers in series to provide sufficient gain, this
anplifier is designed to have a conversion gain or 1VAfeV. 1If this con-
version gain were obteined with the feeabzck capacitor connecteu directly
between the emplitier output and input, the resulti: ing capaciteance of 0,05 pF
would be strongly dependent on stray capacity and not very stable. Flacing
an zttenuater (Zf2 and Zf3) between the reedback cepacitor and the output
allows a practical value of capacitance (5 pF) to be used, together with
providing a convenient place for pulse shaping. The output voltage is then
approximately related to the energy loss by

Vout _ 9 ( 22\ R P (2)
E } B, Cp Zsg Ey Cp R 2 1 +p sz)(l +p 7-137
where: Tgo = Tise time'constdnt = er sz
Ton = decay time constant =
13 ) f3 f3

p = Laptace trensfora variable

. .
Zi3 <zf2 r‘Io—->oo
Zp3 << Zgy Rpp — @

In order to obtain .the optimum signal-to-noise ratig 2)and a pulse slowly‘
varying near the peak, the rise tiue constant is nade equal to the decay time
constant, producing the pulse shown in Figure 2. In this case, the output
voltage as a function of time is approximately:

Vgut = ar_ ( -j—)Exp (- —‘-‘T—) | | (3)

(2) E. Fainstein, "Considerations in the Design of Pulse Amplifiers
for Use with Solid State Radiation Detectors™”, Tennelec Instr-
rment Co., Oak Ridge, Tennessee.



vhere: 7 = shaping time constznt = =
g Tr2 = Tg3

M, = conversion gain = Pulee veak voltage
¢ Particle energy loss

_ B,

M =—_1<
c eE° Cfl Rf3

e = 2.72 = base of natural logerithms

Because the pulse shaping is done within the anplifier rather than later, no

additional amplifier dynanic range is required as a result of the pulse shaping,

although equal rise and fa211 time constants

reduce the cenversion gain by a
factor of 1/e. ' '

NoISE,
tolerable counting rateabénd anplifier bandwidth, and cen be varied to suit

& particular experinment. The amplifier described in detail here used a 2 ys

shaping time constant. A version with a2 0.5 ps sheping tine constant and a

conversion gain of 0.5 VAeV was also found to operate satisfactorily,

although final optimization on such a circuit has not been perfbnned.

Finite Rfl causes a 15% undershoot of the rulse for7T =2 s and er Cfl = 25 us.
The area of this undershoot equals the area of the positive part of the pulse

because detector current does not flow continuously. -Therefore,
circuits,

for linear
no net charge is transferred to any coupling capacitors. The base-
line will have recovered to 0.25% of the pulse peak voltage after 100 us,
permitiing counting rates as high as 10 Ke/s with less than 19 pile-up of the

The value for the shaping time constent is a compromise between maximum _
pulse tails,
\
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3.2 Circuit Dstails

Because the amplifier open loop gain and bandwidth are finite,
some charge flows onto the detector caepacity and onvo the émplifier
Input capacity. Because this charge loss depends upon unstable
transistor parameters and detector capacity, the amplifier gain and
bandwidth tmust be made as large as possible without resorting to |
complex circuits or to large power consumption. Two versions of the
basic amplifier configuration (see Fig. 3) were developed. One is
intended for spacecraft applications, while the other is for ground
based laboratory use., The latter compromises reliability for ease
in selecting components and for versatility in operating with any
detector capacity without circuit changes. In the spacecraft version,
the amplifier is optimized to the capacity of the detector with which
it is being operated, and the transistors are stringently selected

to provide a large allowance for dcterioration caused by aging.

The basic configuration consists of a grounded source field-effect
transistor input stage, two grounded emitter stages, and an emitter
follower output stage. Negative feedback with pulse shaping as des-
cribed in the previous section is applied from the output back to the
input, In order to make the DC gate vbltage of the input transistor
independent of the detector bias voltage, the detector is capacitively
coupled to the amplifier. The size of this capacitor (Cl) can be re-
duced a factor of ten without increasing the drifts if the feedtack

_capacitor is returned directly to the detector instead of to the gate

of the field-effect transistor. A small capacitor reduces the physical
size of the amplifiér and decreases the sensitivity to low frequency

detector noise,

A field effect transistor was chosen for the input stage (Q1)
because of its low noise and high input impedance. Because the noise
6f a field-effect transistor is nearly independent of its standing
current, the transistor can be operated with a sufficientiy large drain
current to produce a transconductance over 1500umho, The gate.
current, which is usually much smaller than detector leakage current,

' & instabilities even at high
Impedance levels, The added complexity of the usual cascods configur-

adds negligibly to the noise and to bia
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ation for the input stage was found not to be Justified by reduced

noise.

The 2N2467 and 2912500 field-effect transistors were chosen
because of their low noise figure, high transconduétance and small
capacity, and because they would opsrate at ImA of drain current re-
quired for obtaining optimum gain and bandwidth. If the drain current
at zero gate-source voltage does not exceed the current in Rl’ then the
second stage will be cut off, resulting in amplifier failure. At
100°C the maximum drain current is 70% of its room temperature value,
and thus the room temperature maximum drain current should exceed
1.3mA, In the laboratory version, this current is selected to
exceed 1.5mA, while for spacecraft application an additional margin is

left by selecting for 2mA or greater,

Most of the voltage gain is provided by the second and third stages

(Q2 and Q3), both of which are in the same TO-18 can. Because of the

large volfage gain, the bandwidth is determined primarily by the collector-
base capacity., The principal advantagesof the 282973 transistors are
their high current gain (typilcally ABO) and their low collector-base
capacity (3.3 pF). Secondary advantages are a large collector output
impedance and low noise figure. Their current gain-bandwidth product

of 80 Mc/s is adequate, For the spacebraft version, the transistors

are selected to have current gains thet equal or exceed the typical

value,

An emitter-follower output stage (QL) provides a low output
impedance, so that difficuities with non-linearities and gain drifts
associated with a separate buffer outside the feedback loop are
minimized without large standing currents. The transistor for this
stage must have a high gain-bandwidth product so as to prevent ringing
for capacitive loads, while also having a sufficiently large current
gain to produce a low output resistance. The 221709 has a gain-band-
width product of 800 Mc/s with a minimum current gain of 50. For
the spacecraft amplifier, this transistor is selected to have a current
gain in excess of 100 so that loads as srall as 1K do not appreciably
increase the gaim drifts.
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In the laboratory version, a 46.7 ohm resistor is placed in

series with the output, so that reflections from a 50 ohm cable on

the output will be reduced. For spacecraft applications, the amp-

lifier probably would be connected directly with short wires to the
subsequent circuits,

In order to increase the voltage gain of the third stage without
increasing power consumption, the load resistor for the third stage
is boot-strapped to the emitter-follower output., This configuration
also provides nearly constant base drive.to the output stage, result-
ing in improved linearity and less problem with rate limiting caused
by the capacity on the collector of Q3. The resistor values are
chosen so that the effective resistance of the 9.01K resistor is in-
creased to 36.LK. The 4.32K resistor between the output and the 9,01K
resistors reduces the effective resistance but also eliminates a strong
dependence on the unpredictable collector output impedance of Q3 or
on lcad resistance. Besides, further increases in this effective
resistance do not appreciably reduce drifts because bandwidth effects,

which are independent of this resistance, now dominate,

The transistor operating points are fixed by the same feedback
loop which determines the AC gain, feducing complexity by eliminating
coupling and bypzss capacitors. The choice of operating points is a
compromise between gain, bandwidth, load dependence, noise, and
power consumption, It can be shown that maxdmum gain is obtaingd vhen
the source resistance for the second and third stages equals their
transistor bese input resistance. If this condition is imposed, then
the current in the third stage and the collector voltages remain
the only free variables, The collector voltages were chosen to be
about LV to 5V because the collector-base capacity increzses rapidly
for smaller voltages. The field effect transistor has a drain voltage
of -5.3V, which operates the transistor in the pinch-off region with
a low gate-drain capacity, Fast response and small load dependence
?ndicate that the current in the third stage, and thus all the
transistor curreni%s, be as large as possible. Low noise, low power .

consurption, and field-effect trznsistor limitations require small

L ]
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10
currents. The valyes shown in Figure 3 represent g compronise between these
confljicting requirements, ' ' '

The maxinun output voltage_is determined by the point at which Qh saturates,
If the field-effect transistor leakage current is neglected, the voltage on the
emitter of Qh is given by:
| V. +17.97
Ve, =V _+{-88 "7
e gs ( N )er
where: Vés= gate-source voltage of Ql
and theresistors are as shown in Figure 3,
The collectop voltage is then related to the enitter voltage by:
' " R
V, =1l.8v - -k ¢
ck Rea A
and the maximum output voltage is:
. ’ vﬁax = VcL - Ve& - VSat ; . (C)
_ R, +R vV _+17.9v
=1l.gy -[ch_ Tes) |, BT | v
R . &s RB 1 sat
el !
. —— T ee— — —
where: VSatz saturation voltage of Q

4 = 0.2V to 0.5V for load resistances
between infinity ang 1K.

voltages remain constant, the

max 2T€ variations in RB and Vés. may vary

it remains stable to about 0.1lv
For critical applicationg RB is matched to the
sistor being used, so that vy

Ir RB were 2 composition carbon resistor

Principal sources of
Although v
gs

el €uals its optimm
» Which may have a
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temperature coefficient as large as 1,500 ppti/°C, Veh could drift
from this cause alons by + 0.25V, resulting in a drift of the rax-
imu cutput voltage by + 0,4V, 1In applications vhere stability of
the amplifier dynamic range is important, 2 carbon film resistor, '
which is physically large but has a temperature coefficient less
than 500 ppi/°C, reduces this drift to + 0.1V. FExperimentally, the
raxirum output voltage is found to rermain stable to 0.15V for temp-
eratures between -50°C and +50°C,

The maximum output voltage is limited by the available supply
voltage and by the current gain and colleptor breakdown voltage of Q&.
For spacecraft applications, the maxirum output voltage should not
exceed 5V for 1K loads or 7V for 2K or higher loads. As shown by
equation (6), the dynamic range can be reduced by increasing Rch'

The laboratory amplifier is adjusted for a maximum output voltage
of about 7V, and its linearity and gain are shown in Figure 4. The
variation of the instantaneous conversion gain over the entire
dynamic range is less than 0.5%, This variation includes non-linearities

in a precision mercury pulser % and in the diseriminator (see section 4).

A photograph of an amplifier constructed for laboratory use is
shown in Figure 5. Because capacitive coupling of the output signal
to the input reduces the gain, the input stage is isolated from the
remainder of the amplifier by a metal shield. Since any pickup of
externally generated signdls increases the noise, the amplifier is en-
closed in a metal box, and the power supplies are decoupled with 1 ms
time constants, If possible, the detector should be connected directly
to the amplifier in order to avoid the noise and capacity produced by
an input cable.

Because improper coupling of ground currents can lead to ringing and gain

* RIDL Model 47-7




12

‘ ~ drifts, corzon ground points, represented by circled numbers in Figure 3, are
. :used to isolate one stage from anothe“. The metal shield pro:ides a low -
- impndance return for interstage and feedback ground currents,
Capacitive coupling of the base of Q to the collector of Q3 con~
s*itutes positive feedback. In order to avoid the resultant ringing and os-~

i cillation, the base lead of Q‘2 on the output side-of the shield is kept as short

i as possible, and the case of Q‘.2 and Q3 is grounded. Al;o, the components in
.o . the collector circuit of Q3 and those associated witﬁ Qh are kept physically .
1 = removed from th;: base of Q2. With the above precautions, the effects of pickéup,
‘k ‘ stray capacity and ground currents become unobscrvable.
r The amplifier is protected against damage from perr supply transients
& by‘ e 100 ohm serdes decoupling resistors, which 1imit the current, and by
n diodes, which prevent breakdown of the relatively delicate emitter-base
‘ junctions. The diode on Qh also 2llows current from Q3 to pull capacitive
' loads qegative, so that even for loads greater than 200 PF, the output pulse
- shape remains constant.,
'
"

=TT . FT -

3
——y —
XEQD x:n?' XERQ ‘ XERC.
. Ccnv co.vl nfopv : cory
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3.3 Stability against Oscillat'ion

Because more than two poles are within the feegdback loop,
oscillation, which would render the amplifier useless, is possible,
Because alowgain drift and a large rargin of safety against oscilla-
tlon are competing requirements, an optimum design necessitates
accurate prediction of oscillatofy conditions. These conditions de-
pend on the amplitude and phase of the complex feedback factor, the
calculation of which is based on the simplified schematic of Figure 6
and on the approxirmate equivalent circuits of Figure 7. For this
calculation the loop is considered opened at the point marked X in
Figure 6, and the feedback factor is defined as the output voltage
for unit voltage applied to the input side of the indicated point.

Poles and zeroes with angular frequencies in excess of 109 radians

" per second are neglected because they are over an order of magnitude

removed from the frequency at gain cross-over (IF}= 1), The collector-
base resistance (rc in Figure 7) is also neglected because the timeg
of interest are short compared to r. S (typically 66us). For lenger

times r. reduces the gain by about a factor of two.

With the above approximations the complex feedback factor can be
written as (see Figure 6):




- : -
.
. .
. '

‘ ' - -— (l+jw7fl)(l—-.jw'r) (l*jw‘r )(_-erT )(l+jw'r )(l-—jc,‘r ) _
- {(lﬂer)(lﬁu’ )14t ) (14 e )(lﬂ-jcur,)(lﬂu,q)(’“u )( Vwy 3) (e Y(1+jer, }(7)

where: j = V-1 -

w = angular frequéncy

Fo is the feedback factor for DC and is given by:

Fo = le Mv2 Mvj va. RD

£ (8)
.\\Rfl + Ry '

K where: le = voltage gain of Ql. = ngLl - I

!

o ' Hv = voltage gain of Q. = -in[—é

' , o l(‘B = veltage gain of Q3 = 2—3

. R
{ : }%1; = voltage gain of Q, = L

. 4 E’L+rel;

0

[‘ B2 Ted
- = load resistance of Q, = = = \"3\
: ) Rm‘ 1 Rl + B2 rez

1‘ : R, B r
RLZ = load resistance of Q2 =.2 3 €3

Rz+'3_3r

+ 2R
i (i) o m
RI,3 = load resistance of Q2 =

372N,
C*‘a )R3“*3“RL

. The following poles and zeros ere deternined by the pulse shaping networks, and
. remain stable over the temperature range to about 23%.

) . N - .
XERO Jxeoo (xERO XERC
coe v coev | roe~ 5
\ - - .- e - - - - . -

QOPY »
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=R, C

™~ ®m ‘n

T_=Rf2cf2=Rf3 C‘f3

. i) (9)
T =R (G * Cpy
s (Rg, + Rf3) Cry
The high frequency compensation net,works) which are used to prevent oscillation,
result in the zeros shown below. The values of these zeros depend only on fixed

resistors and capacitors, which do not vary over the temperature range by more
than about 1%.

Tcl = R<:l Ccl
T2 © Rc2 cc2 : , &.0)
TcB = ch CD

The large poles given below are produced by transistor dependent capacities and
by additionsl capacity added to control the feedback factor at high frequencies.

These poles dominate the response for angular frequencies less than 107 rad/sec.7

and combined with Ty T and TK’produce 90° of phase shift at gain cross-over.
, R
.TA=(CA+CD)<R fii'D . )
- 1 D
_ (Cg + Cp)mp + 13) + 3 Ccd Ty
‘B T
) Ca ¥ %
Te T
S L
3 15t T
Ta = 2 3
M N .
(g + Cpllry + 13)
N

XERD
~oo~
.
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CA=(1+le) ng+cf+c

= + +
CB Cgs Cf ng

= R’LZ (MVB Cob3 + Ce3)

gs

+
2773 +Rm(v2 ob2 * Cea)
ry o Cob2 M ng) 7 Mo Cona |
T, T 73

c, +C T

T RLB E:obB + Cobh + Bh

75 = (R +Ry) Cy

2, T4 ]
AL

16

. Additional phase shift near gain cross—over is determined by roles and zeros
with time constants of the order of 10ns. The poles and zeros arising from
the output e:utter-—;.ollo wer and from high frequency roots remaining after

factoring out Tpr T

-~ ~ r
. 1Y

I e

e
1

]

L
RL+r RL r (12
T =(Rcl I.ehR'Lcc2> CeL+CL
F Ry # T TET TP
2

=B+ VB ~ LA

TG 2
~

1- =B" VB _leA
H 2
- PR | 3 b

B

5 T = Cea Q‘cz

, and Tg are givon below.
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wﬁere: 2

A=
. - 75 (7'2+1-3)+Tl Ts

_Tel T3 (r, + 7'3) + 762 (7'5 + 1)

T3 (15 +75) + Ty Ts

e
T6 =T, Rrp Cop
T7 = RLl (Ce2'+ cob2 + ng)

Typical values for these quantities at +50°¢C, +25°C4 and -50°C are
shown in Table 1. The asyaptotic approximation of the absolute valne of the
complex feedback factor for two typical cases is shown in Figure 8.

Oscillation is possible if 180° of phase shift occurs at frequencies
less than that frequency for which the absolute value of the feedback factor
ecuals one, This amplitude and phase can bé controlled by verying the high
frequency compensation elements., In the spacecraft version the compensation
is optimized to the specific detector being used; so that the gain drifts will
be reduced as much as possible. In the laboratory version; the ccapensation
is relatively lixed, providing ease of use with most detectors but sacrificing
gain stability and margin against oscillation. '

The phasé shift at gain cross-over is critically dependent on the
detector capacity, In order to prevent oscillation for detector capacities
less than 130 PF, the high frequency feedback factor rust be deliberately
reduced in amplitude. Although this reduction could be accomplished by
adding a capacitor in parallel with the detector, such artificially increased

‘ detector capacity would result in unnecessarily increased amplifier noise.




. Instead, the high frequency -gain of the first stege is decreased by

adding a ccmpensating network (Rcl and Ccl) to thes drain of Ql' Not

¢ only does this network decrsse the high Ifrequency gein, but it also
' produces a zero (Tcl) near gein cross-over, resulting in improved

i phase rargin.

Another such zero (TCB) is provided by a resistor (RCB) in series

with the detector capacity. For detector capacities 50 pF or greater,

peey

Rc3 is chosen so that 703 is fixed at 10 ns., Because a pole (TI) tends
to cancel the beneficial effect of Te3 for detector capacities much

—

below 50 pF and because the noise from resistors larger than about
200 ohms becomes significant, RcB is fixed at 200 ohms for detector
capacities below 50 pF. The detector bulk resistance also adds to

g

RcB’ improving the stability of the amplifier.

somar—

The value of Cc1 is then determined by requiring an adequate
gain margin under the worst conditions, Calculation shows that the
Lo gain margin at ~50°C can be up to a factor of two less than at +50°C,
. Therefore, Ccl is chosen so that the feedback factor for a phase shift
of 180° at +50°C is 0.25, leaving an additional factor of two at

-50°C for transistor variations. Figure 9 shows the resulting values

L
LA

of Cc s Rcl’ and Rc3 versus detector capacity.

In the laboratory amplifier, Rc3 is fixed at 100 Q, and C 4,
which can be removed by a switch, has a value of 200 pF. This com-
pensation provides only marginal stability at -50°C for detector
capacities less than 25 pF, but even for zero detector capacity os-
cillztion does not occur at room temperature. Reduced gain drift
will result if the compensation is switched out for detector cap-
acities exceeding about 70 pF. However, oscillation may occur for
detector capacities less than about 50 pF unless the compensation 1is
switched in, -

The output compensation, consisting of Rc2 and C02 (see Figure 6)
reduces the sensitivity of the circuit to capacitive loads. Without
this compensation, such loads would produce a pole in the complex
. feedback factor with a time constant of 10 ns. The output compensation
places a pole and a zero (‘rE and Tcz)’ whose value is relatively in-

dependent of load capacity, at time constants of 60 ns and 30 ns

rmzmimmr‘ﬂrﬁrﬁ
/
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respectively, These time constanls reduce the ampiitude of the feedback
factor near gain cross-over without adding appreciably to the phase
shift or to the gain drifts, A third pole (TF) proportional to the
load capacity has a time constant 4 ns or less for load capacities

as large as 200 pF.

An additional effect of load capacity is the introduction of a
frequency dependent input capacity to the emitter-follower (Qh)' The
use of a fast transistor and of output compensation reduces this effect

to a 10% correction in the feedback factor. _ : )

Because the prediction of the condition for oscillation is critical
in the choice of the compensating elements, the amplitude and phase
predicted by equation (7) were checked experimentally., Because fre-
quencies over 10 Xc/s are involved, a direct measurement of the feed-
back factor versus frequency was not practical, However, for a fixed
compensation scheme, the minimum value of the detector capacity to
prevent oscillation could toth be predicted and measured, A compari-
son of these values is showm in Figure 10, which provides confidence

that equation (7) really predicts amplifier performance,
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' 3.4 Gain Drifts

In order to make use of the inherent + 1% stabllity of solid state

- detectors, the amplifier gain drift should not exceed 4 1%. Beczuse meny
.. factors may cause gain shifts of the order of 1% over a 100° ¢ temperature

range, an analytical approach is first used to estimate the sensitivity of the
gain to various drift producing factors. Proper choice of components for the

F‘ critical gain delermining nmmnTI ey giements can then be made, and

’ assurance can be obtained that the gain does not depend critically on transistor
P : paremeters. Approximate agreement between theoreticul predictions and expei-i—
- mental results provides confidance that the measurements are corrsct and not

- a special case. Also, it is far easier to extrapolate analytically than to

measure all conceiveble cases,

The closed-loop gain can be written as:

(v

—_ - -

Pt (L+p7)R F
. by = 2 (13)
- (l+p'r)(l+p'rﬂ) 1-F
I where F is given by equation (7). Because the gain depends mostly on time
constants of the sa2me order as the shaping time constant, the closed-locp
18 gain can be approxinated by:
b . : _
i - A-\g(RfZ-*RfB\)( pT )( F ) : .
L. | b APl R\ +p 1 - F - (13a)
[ for: Tf.l>>t?>TD.
‘[; t = time from the injection of the detector charge.
[ (R )C. R. (1+p7)?
and: F¥F n+5p fl 1
¢ -
o> oy +C) Ry Ry U +pr )T +pr)p (Rep + R3] Cg
L |
ﬁa . . . - —
t%;;ﬂ ' ' ég:?; i "{g:\e; ‘x(nc

corv
S e— - - e -~ —_— - r—’
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! ‘ . The expression for the feedback factor can be simplified to:
( - 2
FE_F l1+p7) . -
1prd+p AT, (13b)

r

by
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XERO
ceer

pep (fnth R °n \
1l -] RD Rf2+R13 CA+CD

énd the remaining quantities are given by equations (8) to (11).

Substituting equation (Bb) into equation (B4, the closed-loop gain
is given by: '

Ry + Ry | o1

Aci\‘?

pci.:L Rf3

f
The denominator can be approximately factored as follows:

R, + R,

AT 2 12 PRI
cL
: Poaty ) [[itps (l+Joz)][l+pr (1-30.)] 1457 2 E
‘ R R . Fy 7
. ~ 1 (.7 - :
where: TR*T[I‘*‘zFl( i >] . _
To (T~ 7.) - | - -
Q;\/ BT "¢ . | | ,
Fl'r

To To )

Because the third root equal to FB C is typlcally less than 0.1 us, its
T

effect on the peak value of the output phlse is less than 1Z. Neglecting this

root, the output pulse a2s a function of time for a deita-ﬁmction charge i;put
is:

o "'\
‘XERO 1XERO
‘coev!

TTE [2”%] + P [72+ M]+ p3[T ) Tq (14)
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- ' : s:’Lr to exp t
‘ | v = (QD Rep * Rs) T [”a(l + ] {Tazl * ?5]
out T

(16)
) Cfl Rf3 TR o
_— Fpr small values of ¢, the peak value of the output waveform can be approxi-
' mated by: A .
) + _
X oy ak: ( in ) (szR Rr}) I (1 - %?.) a7)
_ pe ¢t 3 J R .

_ Substituting the expressions from equation (15) into equation (17), end keeping

-
' only first order temms in 1/Fl, one obtains for the pulse peak value:
F o (Q R, +R 1 .
v ={% v S s ) O I - N A 1)
r peak e Cfl R‘,‘.3 2Fl 3r T 8
't..I _. B T G VU S S S - - - .
‘ The last term represents the correction to the gain caused by finite loop gain
and bandwidth. This correction depends on transistor parameters and is highly
- temperature sensitive,
b

The gain is also determined by the ratio of sz to Rf3 and by the

ratio of sz to Cf3. Including first order dependence of the gain on

3

variations of these ratios, the formula for the pulse peak value becomes:

“g""’ .

’ <
— Vpeak = _Q.!_).fi_ 1 - .}_ 1+ :_E_B__.. 1l - f_z.'g_ + OAO -~ SAl (19)
i ey 2Fy 3T T by  Zhy
[ where ﬂo = §§_§
~ ' 3
S N
[a ‘ §A_ = variation of A from its nominal value

o

i

5Al variation of Al from its nominal value

>>
Rep > Req
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I1f the effect of finite Tel is included to first order, the pulse

peak velue is given by:

Q. A fA &A ST
w - D o), g.%0_ "1 R e S
V pea.r( - e C 1 4 E “L % - 2}\ - O¢O766 _O.I,LL, 23.3 #S (20)
fl o 1

where:

'E = trensistor paramster dependent gain correction

. - 1,066 |1 4 1B { 0663 - h.22 7o o

I 3T * T

S(.“ Jtv«a.co».) O‘F Qq {*rau 23, 3/..5

The gain correction dependent on transistor parameters (E) was
measured at room temperature as 2 function of detector capacity and is
shown in Figure 11, Measured and theoretical values agree to within
about + 0,7% for detector capacities up to 350 pF.
Metal film resistors with temperature coefficients less than
+ 25ppll/°C are used for ng and Rf3' The maximum gain drift caused by
drifts of these resistors is then less than + O, 139 for a + 50°C temperature
change, with partial temperature tracking of the resistors reducing the
drift below this value. Similarly, a metal film resistor is used for
Rfl’ even though such a resistor is physically mﬁch larger than a composition
carbon resistor, However, a carbon resistor could produce a +7.5% drift
in T4, resulting in a +1,1% gain variation over the temperature range.
With a metal film resistor for Rfl
drift in 7., is about jQ.B% over the temperature range, resulting in a

fl
gain change of less than 0,02%.

and a2 glass capacitor for Cfl , the

The gain is inversely proportional to Cfl , which is provided by a

4.7 pF glass capacitor in parallel with the O,4pF capacity associated vith

Rfl . The glass capacitor temperature coefficient, which is specified by
#*
the ranufacturer to be fixed within +5 pp!/°C, hes a value of about 120 ppd/°C.

A sensistor in series with sz compensates for the 10,68 drift in Cfl over

% Corning Glass




3

o
14 4

£

ths temperature range. The resultant drift producad by lack of perfect
tracidng of the s=nsistor and the capacitor and by uncertrinties in their
temperature cosfficients is of the order of 20.2%, Because glass cazpacitors
are also used for Cp, and Cpy SAl/ZAl is less than =0.03% over the

temperature range.

Figure 12 shows the measured gain drift with four values of
detector capacity for temperatures between -£0°C and +100°C, In almost
all cases the calculated drifts agreed with the measured drifts within the
uncertainties of the temperature coefficients of the gein determining
resistors and capacitors., The gain drifts for temperatures betivween -50°C
and +50°C are less than +0.5% for detector capacities below 350 pF and
less then +1,0% for detector capacities below 540 pF., Holding the amp-
lifier at 145°C for 24 hours with the power off causes gain changes less
than +0,1%,

The output resistance for Ccl = 0 and Ccl = 200 pF was measured
at room temperature by lcading the amplifier with a 1K resistor, and
observing the difference in output amplitude compared to the unloaded
case, The measured output resistances are given in Fig, 13. Loading the
amplifier by 1K adds less than 30.1% to the gain drifts for tempsratures
between -50°C and +50°C for detector capacities less than 350 pF and less

than + 0,27 for detector capacities less than 540 pF,
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3.5 Resolution

Because of the large nuxber of carriers produced by most charged
partiéles entering a detector, the energy resolution of an arplifier-
detector system is often principelly limited by electrical noise. This
noise can only be minimized by a thorough understanding of its dependence

on the arplifier parameters under the control of the circuit designer.

The largest source of amplifier noise is thermal noise in the
channel of the field-effect transistor., Van der Ziel(z) has derived
the following approxirate formla for the equivalent squared drain nolse

current per unit bandwidth:

—

1y 2 LKTg, (21)

where: k = Boltzman's censtant = 1,38 x 10723 3/°K
T = temperaturs in degrees ¥Kelvin

g, © transconductance in mho
and the bandwidth is measured in cycles per second

This noise current source may be replaced by an equivalent voltage source

~

£
€4 inserted between the source and ground,

&

Using the complex gain given by equation (2), the squared output noise

Theny i2
2 _ T4 _ b
ey =% (22)
&n

per unit bandwidth 4 (Vfi) resulting from the channel thermal noise is:

——  ——1C. + C. \2 /R..\2
d(Vg) = ei Gﬁ%;-—jé) Eﬁ%
n ) \®s

T+ jorR| 2z - (@)

jwT r dw

Integrating this expression over all freguencies, the total squared output

noise is given by:

(3) A Van der Ziel,"Therral Noise in Field-Zffect Transistors", Proc, IRE,

Vol. 50, pp. 1808-1812, August 1962 )

25
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where: X =T

and the value of the integral is -—17:-.

If the squared output noise veitage is divided by the square of the conver-
sion gain, given in equation (3), then the squared equivalent input energy

——

2
. E is: —_ ~
, nd 5 er(cy+c)?[ e |2
.. ‘ E = . [*] (25)
‘ nd 87 q
o :

The actual drain noise current is larger than the value quoted
r" by Van der Ziel by a factor ranging from 1.3 to 4, depending on the specifiec
transistor being used. In terms of the aciual equivalent squared noise

. voltage per unit bandwidth eT, the input noise ray be written:
n

"z 2 :
(c, +c.)
El‘ld = en D.r CB (lhl&é X 1032) (26)

)
J

where capacitor values are in farads and times are in seconds,
Statistical fluctuations in the gate leakage current generate an

equivalent squared noise current per unit bandwidth i—:g_ given by:

- .
i~ =2 2
g T, (27)
‘L where: Ig = gate leakage current in amperes
~
[: The equivalent squared input noise E Z resulting from this effect is:
L
‘o 7. Erja) [0 o
[ 8 2rl al o] a4+ )2 :

i
.

where the value of the integral is -E:L . The input RIS noise current per

\
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unit bandwidth is specified by the ranufacturer ¥ for the 22500, and
agrees with equation (2 7) with I =5x10 10 at frequencies near 100 c¢/s,
However, as Irequency increascs, thls noise current increases slowly so
that at frequencies near 100 X¢/s an extrapolation of the ranufacturer's

data and an attempt to fit the measured amplifier noise for zero detector

ViZ- 6\/1—21 9 x 1074 5 (o/s)"2 (29)

capacity gives:

r

Where: i _ squared noise per unit bandwidth as measured by the
manufacturer and extrapolated to 100 Kc/s.

Temperature = 25°C
Substituting these values into cquation (28), the resulting equivalent

squared input noise energy is:

;;;;5 - Z?,—r (b.46 x 10°2) = (3.62 x 10°) +  (KeV)? (30)

The detector and field-effect bias resistors are also thermal noise
sources, Because the bandwidth calculation for these noise sources is
the same as for the gate leakage current, the equivalent squared input

noise energy from these resistors is:

Er:z = ;3—1' (l;.h6 x 10°2) (kev) (31)
vwhere: ‘
2 - @ - (32)
For - Ry = L.06M and
T = 25 C 298° K:
Then: -“gsiz = (1.76 x 10%) ~ (kev)? (33)

# Texas Instruments

27
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The resistor (RCB) in series with the detector also produces thermal

‘ noise given by:

X% d4x

- 3 D 2
E = 2 2
ne T q § [1 N (TTcB x2] [1 + XZ} (34)

Because Tc3 is small compared to T, the approxinrate value of the integral
is n/l,, yielding:

7.1, x 10% ¢,
ne 7 (keV)®  (35)

for Tc3 = lO_ns _—

T =25°C =298° K

)

The total Pl-’ﬁ equivalent noise energy for the amplifier is then:

—2 2 . '
v7na. _ End+E +E +E _ . (36)

For T = 2us, the total noise becomes:

-

\[Eni - \/(2.23 x109)(cy + 1558 2 €24 (3.57 x 101°) ¢ + 1076 (KeT)

—_ - - - - -—  amd

The quantity ;fl was determined for several field effect transistors by'
measuring the cutput noise using a true RMSvoltmeter® with a 158 pF
capacitor placed across the amplifier input. Because the amplifier has
a2 conversion gain of 1v/1-x‘ev, the RS outpul noise voltage becomes:

\/6 67 x 10™8 + 16 Lo (mv) G7)

.
’ ] s

¥ Ballentine lod=l 320




) Figure 14 shows thes noise distribution of 25 transistors at room temperature,
; . As would be expected, units exhibiting a large En also appear to be the

rost qulet However, even among the high g units, the equivalent noise

“m
< voltage varies 2 to 1. The only conclusion is that cther sources besides
. channel thermal noise ray contribute to the total noise., From 25 iransistors

six satisfy the current and transconductance recuirements for laboratory
use and are low noise units ( e? LS 5.0x 1077 v (c/s) l, while two low

. noise units are suitable for spacebraft applications, ** These results are
sumrarized in Table 2, Care should be exercised in extrapolating yields

N from a sample this srall,

- 21
A unit with an equivalent noise voltage of 4.15 x 10 Iy (c/s)°2

-
. wvas used in an amplifier constructed to test the noise theory. Figure 15
4.

shows the calculated and measured noise versus detector capacity with
{‘ ‘rc3 = 10 ns, The equivalent noise voltage (e 2) and the equivalent noise

current ( 1 ;) were determined as discussed above. No change in the noise
V\ vas observed after the transistor had been at 145°C for 24 hours with
the power of{ or after respeated testing with power on at temperatures from

, . -60°C to +100°C,

e In addition to capacitive effects, the detector produces noise resulting

from statistical va*iatlons of the leakage current (n ) and in the number

r " of carriers released (E q) The resolution is further srread by variations
L in collection efficiency and in detector unifor mity (E ) The total

[; detector resolution E;E— can be then written as:
] 32.32.72.372 '
[ Eog = EBn1 * Enq * B . (38)

The leakage current noise is related to the amplifier pulse

shaping in the same way as the f{ield-effect transistor leakage, namely:

™ rm

r ** 22L97 transistors selected by Texas Instruments for g, 21500 pmho
L ’ at ID = 1rA and ID@S 22,0 A are available as spacial © product SM5688,

. (L) Semiconductor Particle Dstectors - J. M. Tay rior, Butterworths, Inc. 1963
Lo

-y

o ] gy
The detector itself also is a pr anipal contributor to the rcsolut*nﬁh)
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(kev)?  (38a)

— e
£ 2= (1, 1.3 x10%)
where IL = detector leakage current in ampsres

The variation in the nuaber of carriers released is given by Poisson

statistics and thus:

B =EE, - (KeV)®  (38b)

where: ® = energy loss in depletion layer in KeV

I

t=i
1l

energy per ion pair = 3.5 x 1072 Kev
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Coxbining both detector and amplifier resolutiens, the total RYS
energy resolution may be expressed as:

"_2",\/ 2 .2
\[Em Es*Eg , (39)
or in terms of the full width at half maximum counting rate:

mm-—235\{E§+E§ (40)

Figure 15 also shows the calculated total energy resolution assuning a

25 KeV (FuwHY) resolution for the detector. This resolution was checked
241
An

directly using an source, whose spectrun near the principal peak

is listed in Table 3. The resulting peaks for two deiectors are shown

in Figure 16, Because of the low energy tail ceaused by o emission to
excited states and by scattering from the walls, the resolution was
calculated by doubling the upper half width at half maximum. The amplifier
gain, which was measured to be 0.98 V/MeV, is within the tolerances of

the gain determining elements. The calculated and measured resolutions

are compared in Figure 15,

For applications where resolution is most critical, further op-
timlzation is possible by varying the shaping time constant and by pro-
viding additional pulse shaping. The total resolution may be expressed
as: )

~3_73 En_'i_ | -
E; = Enq + + KEr (41)
2
where: = (7.73 x 10 3)(0 + 15)2 + 7.1 x 107 ~2 ¢ ‘(KQV);(/“S)
E =143 I, +5.38 (ke

KD, KE = constents deternined by the number of clipping and
tegrating time constants

C. = detector capacity in picofara&a.
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IL = detector leakage current in microzaperes.

7 = clipping and integrating time constants in microseconds

.

The best resolution results when the shaping time constant is:

. 5 _
’fopt = V j:—';g , : | (42)

Then the }esultion has a value given'by:

Eopi n2 +-E 2 T2 uxDKE DE (13)

q

For one clipping'time constant and one inteérating time constant:

Ep=fg=1
Mo

opt e
2__2 2 o\ _
Eopt——z.nq*-Enc'*'ZYDE )

In Figurel?- Tept andp are plotted versus detector capacity for
a leakage current or 0,1 gA. The resolution for a censtant 2 us

shaping time consiant is shown for comparison,

For one clipping time constant combinec with two equal integrating
time constants then:

’KD = 0.465
(45)
K= 1.40
~ and the conversion gain is reduced to 0.73 V/MeV. For this case:
= o572
‘ o t
F (46)
2
Eoptp\Enq + (0.206) (2VDE )
s .
~ T : | S . -

o —

‘xznc

cor v)
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..For one Integrating time constant combined with two equal clipping
time constants,

Kb = 1.9

KE = 0.637

(67)

and the conversion gain becozes 0.63 V/MeV. In this case:

T'th. = 1,73 \{'_g‘-‘ ‘ (18)

2 T2 2
R opt Enzq * Ee +(1f1) (2 m)

]

Naturally if the shaping time constant is varied, the high fre-

quency compensztion will have to be changed accordingly. If the shaping '

time constant becomes too short, excessive gain drifts may result.
Conversely, long shaping tinme constants may cause difficulty with tail
pile-up at high repetition rates.

Figure 18 illustrates the dependence of amplifier noise on
temperature, For tempesratures below about 70°C, field-effect trans-

istor channel noise dominates, and the noise is roughly proportional

to the absolute temperature, Above 70°C, gate leakage current, which

rises exponentially with temperature, becomes significant. For

detectors having lezkage currents of about O0,1uf a2t room temperature
b o ? 3

the exponential rise of noise with temperature would probably begin
near 50°C.

TTTTTYE
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1V. DISCRIMFATOR

L.l General

Figure 19 shows a coemplete schematic of a discriminator with a
threshold equal to a DC blas voltage. For bias voltages between 0,1V and
5V, better than 1% threshold stability is obtainéd using pulses.produced
by the amplifier with shaping time constant greater than or equal to 0,5us.
This discriminator is considered the most versatile version, and some

simplification of the circuit may be possible for less demanding requirements.

A block diagram is shown in Figure 20. Basically, the circuit
consists of a2 single shot preceded by a window amplifier with a variable
bias. The single shot uses a complimentary flip-flop output stage in which
both logical states are clamped :by a saturated transistor to either ground
or the -6V supply, providing low output impedance, fast (0.2us) rise and
fall times without large standing currents, small sensitivity to noise and
pickup, and stable output voltages. A photograph of the discriminator
output pulse is shown in Figure 21, Because the threshold of the compli-
mentary flip-flop is highly sensitive to transistor geins and diode voltages,
the flip-flop is preceded by a differential arplifier. Both are biased
so that the flip-flop triggers approxirately when the differential stage
is balanced and thus most stable, Positive feedback via series RC circuits

to both sides of the difference amplifier determines the cutput pulse width.

A window amplifier is placed before the single shot in order to
improve the threshold stability for srall signals and to provide a convenient
place for a variable bias which does not effect the output pulse width.
Because the single shot is biased to trigger when the window amplifier is
also balanced, and because the transistors are matched so that equal currents
occur for base voltages equal to within + 3mV, the threshold for small
signals of long duration equals the initial voltage on the base of Qla to
within about +3mV. Because Qla is norrally cut off by the bias voltage,
the input impedance is given by the 10K bias resistor, the size of which
is only limited by.the voltage shifts caused by transistor leakage currents,
For biases less than 80mV, Qla starts to conduct, resulting in base current

flowing in the bias resistor, amd a smaller value of this resistor must be
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Most of the drifts for vias voltages in excess

of 1V arise “rom the non-z=ro response time of the single shot., In order

-

to reduce this respense time as much as possible without large standing

currents and conssquential waste of power, fast switching transistors are
used for the complimentary flip-flop, and dicdes limit the voltage swings

at the collectors of Q1 and Q2 and at the bases of Q4 and Q6.

L.2 Triggering Secuence

The discrimirator has two states, one of which is stable and the
other is not. The transition from the stable state to the unstable state
constitutes Mriggering”, and the size of the pulse which just barely causes
Because the stability of the threshold
depends on the sequence of events leading to triggering, this sequence must

first be understood in detail,

triggering determines the threshold,

’

In the stable state, transistor Qla (see Figure 19) is cut-off by

the bias voltage, resulting in sz and CRl conducting with QZa and CR, cut-

2
resulting in Qh also
The OUT sigral is thus clamped to ground, while the OUT

signal is clampsd to -6V,

off. Because sz is conducting, Q5 is saturated,

being saturatad,

When a sufficiently large pulse is applied to the input, the base
voltage of Qla is raised to near zero volts, causing Qla to conduct and
‘When the cu
nearly equal, Q2a starts to conduct, decreasing the current in Qﬁb by the

reducing the current in Q, . and le become

same amount, As a result, Q5 and CR, stop conducting, and the voltage on

3
the base of Q3 begins to rise and base drive is no longer supplied to QS
Navertheless, its coll=ctor voltage does not rise irmediately because of the
stored charge in Qh and Q5 This stored charge can only be quickly removed
by a large collector current either supplied by loading or by the conduction

conducts only if the OUT signal is loaded to -6V or the OUT signal is loaded

As a result, the circuit iriggers for short pulses before Q3

to ground by several milliamperes.

Although positive feedback via Cf2 and sz tends to increase the
current in Q2a’ this feedvack is inoperative for short times. Because the
stored charge in Qh and Q5 effectively clamps the CUT signal at -6V, no signal

is fedback until this charge is removed. In addition, the slow response

s
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tirme of the differential amplifier (Q ) caused by collactor-tase capacity

" prevents rapid reg: nératlon (see seculon L.3).

.The voltage on thz bass of Q3 continues to rise until Q3 starts
to conduct. The collector current of Q3 then repidly clears the stored
charge from Qh’ and the OUT signal b gins to fall. This signal is coupled
to the base of Q6 via a 100pF capacitor, and, after falling by about 1. LV,
begins to bring Qé into conduction. The collector current of Q6 then
rapidly pulls the OUT signal positive. when the OUT znd OUT slgnals have
moved about 3V, the feedback currents via Rfl and sz are sufficient to
hold Q2a conducting and Q2b off independently of the input signal. At this

time triggering has occurred because the circuit proceeds 1nev1tably to
the unstable state,

The minimum load resistance is determined primarily by the base
drive of Qh and Qé and their current gain at -50°C. If.Qa and Q6 are
selected to have current gzins of 100 at room temperature, their gain at
-50°C will be about 50, For the base drive of 0,18rA, a collector current of
9mA will be available. In order to allow some rargin of safety, the load
current should not exceed about brA, implying a rinimum lead resistance

of 1K to voltages between ground and -6V,

If the input pulse does not hold Qla conducting, the time
of the transition from the wunstable state back to the stable state is
determined by the charging of the feedback tlnlng capacitors (Cfl and sz).
Typically, this output pulse width is rade sufficiently long so that the
amplifier pulse has becons negative before the discriminator attempts to
return to the stable state and thus Q is guaranteed to be cut-off. This
time for a 2us shaping time constant is 8us (see Fig, 2).

The return to the stable state occurs approxirately in the
Teverse sequence as triggering, The collector currents in Q and Q2b
are nearly equal at this tlme, and, because the transistors are mat ched
to have qual base voltages for equal collector currents, the return trans-

istion occurs when the base voltages are qual. Thus, the pulse width T is
given by:
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T=Teq 0 ;Yg_ " (P - (49)
Fubl \"r1 o

where: Tf = Rflcfl szcfz

V_ = output voltage = 5.5V

I. = collector current in le = 0,LmA

=]
|

¢ =Rpp TRep = 13K

forward voltage drop of CRl and CR2

<3
]

For the values shown in Figure 1G:
T =9.76 Cg [1 +0.0133 VD] (ns) (50)

for Cf in picofarads and VD in volts. For VD equal to 0,7V, then:

T =9.85C, (ns) (51a)

A comparison of this forrmla with measured results is shown is Figure 22,

The diode forward voltage drifts by 0,25V for temperatures between
~50°C and +50°C,while I,

width of 2,5%. The timing capac1to"‘ and resistors also vary about lp)

vaeries by about -.Sp)orodu01ng a drift in the pulse

resulting in a total drift of the pulse width of less than 3,.5%. Measurements
show an increase in pulse width at -50°C to L.Lps for a width of 4.3us at
+50°C.,

L.3 Threshold Stability

Preliminary measured drifts of the threshold for tenperatures between
-50°C and +50°C are shown in Figure 23. These results agree roughly with cal-
culated estimates of the drifts. These calculations and final drift measure-

ment will be present in the completed report,
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TABLE I -~ TYPICAL VALUZS

i
$
1{
.

- Cp =100 pr, Cpy =17.5 pi Cp =1 pF, Cpy = 500 oF
-! T2MPIRATURE (°C) -50 =25 +50 -50 [ﬁzs ! +50
: ‘Fo - X10° L.75 7.08 5.72 h.75 7.08 5,72
L Ta  us 310 334 322 100 124 112
L. Ty us 16.9 23.3 25.7 15.9 19.2 23.4
; T¢ ns* 299 296 3L 689 £92 959
L ns 10.5 10.5 10.5 10.5 10.5 10.5
{ Tg ns - 51, 60 61 5k € e
Ty ns - 3.5 4.0 L.2 3.5 4.0 4.2
| ( To ns - 17 11.3 . 11.3 17 11.3 11.3
: Ty ns 8.5 8.0 8.0 2.9 1.0 1.0
1 T ns . 1.3 1.3 1.3 0 0 0
: T; ns 1.8 2.4 2.6 1.8 2.4 2.6
Ty ps 540 540 540 540 540 540
[ T Ks 2.0 2,0 2.0 2.0 2.0 2.0
. Tey Hs 23 23 23 23 23 23
L Ta ns 10 10 10 10 10 10
T2 ns 30 30 30 30 30 ’ 30
. T3 s 10 10 10 0 0 ! "0
Re2 Q 570 570 570 20 20 D20
r Re3 Q 100 100 100 o - 0 L0
L Rp LEY 4.0 4.0 4.0 L.0 4.0 . 4.0
‘ Cy pF 6.4, 57.4 52 L6 .4 57.4 ’ 52
- Cy pF 15 15 15 15 15 15
" 8 fmho 2210 1700 1530 2210 1700 : 1530
Te2 Q 35 LS L9 35 L5 L9
. Te3 Q L8 63 | 68 48 63 | 68
L Tel, Q 27 35 37 . 25 35 .37
ry XKQ 80 80 80 80 80 ;- 80
T B, 185 L 450 530 185 450 ‘ 530
) B 185 450 530 185 450 530
r B, 50 100 110 50 100 ' 110
g Cop PF 3.3 3.3 3.3 3.3 3.3 L 3.3
- T2 ns 2.0 2.0 2.0 2.0 2.0 f 2.0
‘- ."T3 ns 2.0 2.0 2.0 2.0 2.0 2.0
. Ty, DS 0.2 0.2 0.2 0.2 0.2 ' 0.2
[ kK Q 3.3 3.3 3.3 3.3 3.3 ' 3.3
L pF 200 200 200 200 200 200
t .
A
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TABLE II

FIELD-EZFFECT TFANSISTOR SZLICTICN

SELECTION CRITrRIA 2N24,97 N2500 .
Total number of
transistors investigated 18 7
Ipss 21,5 m Y, 7
Ipss 22,0 m 7 7
I .
DSS 21,5 mA 6 3
&n 21500 pmho
I
DSS 22,0 mA 2 3
€n 21500 yomho
I
D535 21,5 mA
fn 21500 pnho
2 . \
Vo s5x 107 %(c/s)™2 5 1
IDSS 22,0 mA
g_ 21500 prho
,/éz <5 x 10‘9V(C/S)-§ 1 1

IDSS = Drain Current for:

Vgs = 0; Vds = -SV

&m = Transconductance for:
S
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‘ . TABLE 111
! . 0
- » 4 Alrha Particle Fnerzy Spectrum of Amzl"l
r Near the Mz jor Peak (5)
. Energy % of Total
F (Mev) ]
[‘ 5‘53h 0.35
’ 5.500 0.23
i 5.477 85
L
5.435 12.6
[ 5,378 g \
: 5.311 0.012 '
3 ~

r o

! :

. (5) b. Strominger, J. M. Hollander, and G, T. Seaborg,
‘ Rev, Mod. Phys.,, Vol. 30, No. 2, Fart 2, Apr. 1958, p 826,
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Fig. 2 - Anplifier Output Pulse

Horizontal: 2us/cm
Verticle: 2 V/cem
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3.

b,

5.

12,

13,

Notes Fig, 3 - P 1.

'

NOT=S FOR IABCEATORY VERSION

‘1. Ry =56.2Q, R, =100 Q, and C.y = 200 pF.

3

Compensation must be in for dstzctor capacity less than 50 pF,
Select for I.2L5mh at 13 =0.02 m, Veg = 5V (875). T0-18 Can.

A1l resistors IRC ANAOC, unless otherviss noted. A11 capacitors
less than 1000 pF Zl-Menco Silver Mica, temperature characteristic E,
unless othervise noted.

Select for I, 20,6 mt at I =0.002mA, V. =5V
(82300). Q,"2and Q, are in"the same TO-18 can, which should be grounded
nzar the emltter o} Q3. S

Select for I_ . 21.5mA at V. = o, VDS = -5V,
= 1.0

Gm'21500 at Pgs A, Vg; = -5V." Low noise unit (see Sect, 3.5).

TO-5 Can,

Circled numbers refer to cormon ground points,
Rch =1,0K

Keep indicated leads as short as possible,

Match Ry to Q) so that the emitter of Q, is at 3.4V,

Use values shown for general purpose operation.,

0.15uF - 100 vDC, Sprague CP 08.1KB154LK capacitor may be used to filter
€0 ¢fs ripple on detsctor power supply.

Omit these components if the calibration input is not required,

Match Cfl to the capacity across Rfl so that the total capacity is
5.1 pF + 1%, '
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10,

11.
12,

13.

Notes Fig. 3 _ P2

NOTZS _FOR SPACZCRAFT VERSICN !

i s R
See Fig. § for values of Rcl’ B3 and Ccl

as a function of detector

capacity. Omit switch.
Select for I, 22,0 rA at Iy =0.02 tA, Vop= s5v (8 =z 100). TO-18 Can.

A7l Resistors IRC RN6OC, unless othervise noted. All capacitors less
than 1000 pF Tl-Menco Silwver Mica, temperature characteristic E,
unless otherwise noted.
Select for IC 20.8 oA at IB = 0,002 mh, Vop = 5y (8 =400). Q, and Q3
are in the same T0-18 C3n, which should be grounded near the Imitter
of Q, .

3
Select for I,¢ 22,0 rh at VGS =0, vGD= -5V. |
GM2 1500 at IDs =1,0 mA, VDS = -5V, Low Noise unit (See Sect. 3.5).
TO-5 Can.

Circled numbers refer to cormon ground points.

Adjust to desired dynamic range according to M.6. RCA 2]1,0K.

Keep indicated leads as short as possible.

Match HB to Ql so that the emitter of Qh is at 3.4V.

Omit 10pF, 46.7Q, and 100K, Connect output directly to circuits with
capacitively coupled inputs. Ca citively couple with 200us time
constant to circuits with DC coupled inputs.

0.,01yF should be sufficient for most applicationms.
Omit these componenﬁs if the calibration input 1s not required.

Match Cfl to the capacity across Rfl so that the total capacity is

5.1 pF + 1%,
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